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Assistant Commissioner for Patents, 
Washington D.C. 20231 

15 Sir: 

Applicants herewith amend the above-referenced PCT application, and 
request entry of the Amendment prior to examination on the United States 
Examination Phase. 

20 IN THE CLAIMS : 
On page 7: 

replace line 1 with -WHAT IS CLAIMED IS:-; 

Please replace original claims 1-8 with the following rewritten claims 1-8, 
25 referring to the mark-ups in Appendix A. 

1 . (Amended) A thermal wave measuring method for contact-free 
measurement of geometrical or thermal features of a layer structure, comprising the 
steps of: 

simultaneously driving a modulatable heat source with at least two 
30 predetermined discrete different frequencies in an amplituded-modulated manner, 
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thereby periodically heating said layer structure; 

receiving infrared radiation emitted by said layer structure that is 
correspondingly modulated in intensity; and 

evaluating said received infrared radiation as a function of a drive frequency 
on the basis of amplitude or phase by simultaneously interpreting corresponding 
drive frequencies. 

2. (Amended) The method according to claim 1, wherein said heat source is 
a laser, a laser diode, or a light-emitting diode. 

3. (Amended) The method according to claim 1 , further comprising the step 

of: 

adapting discrete frequency parts of said drive frequencies to a measurement 
function. 

4. (Amended) The method according to claim 1 , further comprising the step 

of: 

detecting predetermined frequencies with a lock-in evaluation. 

5. (Amended) The method according to claim 1 , further comprising the step 

of: 

evaluating individual frequencies using a Fast Fourier Transform. 

6. (Amended) The method according to claim 4: 

further comprising the step of providing an additional evaluation based on a 
regression analysis or a neural network. 
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7. (Amended) The method according to claim 1 , further comprising the step 

of: 

calibrating said method to a specific layer structure utilizing mathematically 
specific, theoretical values as well as utilizing experimentally supported data. 

8. (Amended) The method according to claim 1 , further comprising the step 

of: 

determining geometrical features given known thermal features of the layer 
structure. 

Please add the following new claims 9-10. 

9. (New) The method according to claim 5: 

further comprising the step of providing an additional evaluation based on a 
regression analysis or a neural network. 

10. (New) The method according to claiml , further comprising the step of: 
determining thermal features given known geometrical features of the layer 

structure. 

REMARKS 

The present Amendment revises the specification and claims to conform to 
United States patent practice, before examination of the present PCT application in 
the United States National Examination Phase. Pursuant to 37 CFR 1.125 (b), 
applicants have concurrently submitted a substitute specification, excluding the 
claims, and provided a marked-up copy. All of the changes are editorial and 
applicant believes no new matter is added thereby. The amendment, addition, 
and/or cancellation of claims is not intended to be a surrender of any of the subject 
matter of those claims. 
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Early examination on the merits is respectfully requested. 
Submitted by, 




(Reg. No. 45,877) 



Mark Bergner 
Schiff Hardin & Waite 
Patent Department 
6600 Sears Tower 
233 South Wacker Drive 
Chicago, Illinois 60606-6473 
(312)258-5779 
Attorneys for Applicant 
CUSTOMER NUMBER 26574 
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Appendix A 
Mark Ups for Claim Amendments 



This redlined draft, generated by CompareRite (TM) - The Instant Redliner, shows 
5 the differences between - 

original document : Q:\DOCUMENTS\YEAR 2001VP010008-BAUMANN-THERMAL 
WAVE MEASURlNG\ORIGINAL CLAIMS.DOC 

and revised document: Q:\DOCUMENTS\YEAR 2001\P010008-BAUMANN- 
THERMAL WAVE MEASURING\AMENDED CLAIMS.DOC 

10 

CompareRite found 40 change(s) in the text 

Deletions appear as Overstrike text surrounded by [] 
Additions appear as Bold-Underline text 



1 . [Th e rmall f Amended) A thermal wave measuring method for contact-free 
measurement of geometrical [and/or] or thermal features of a layer structure, 
[wh e r e by] comprising the steps of: 

simultaneously driving a modulatable heat source [is driv e n with l w ith at 
20 least two predetermined discrete different frequencies [and th e ] in an 

amplituded-modulated manner, thereby periodically heating said layer structure 
[is p e riod i cally h e at e d,]i 

receiving infrared radiation emitted by ftbej said layer structure {and} that is 
correspondingly modulated in intensity \is\ ; and 
25 evaluating said received [and is r e sp e ctiv el y e valuat e d as l infrared 



pr e d e termin e d, d i scr e t e frequ e nci e s, and th e infrared radiation o mitt e d by th e layer 
structur e is] or phase by simultaneously [interpr e t e d] interpreting corresponding [t© 
30 the] drive frequencies. 



15 





2. fMethod K Amended) The method according to claim 1, wherein [a las e r 
p e ctiv e ly] said heat source is a laser , a laser diodei or a light-emitting 



diode[ 




35 
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[3. Method] 3. (Amended) The method according to [on e of th e preceding 
cla i ms, wher e in th e l claim 1. further comprising the step of: 

adapting discrete frequency parts of {the} said drive frequencies {are 
adapt e d] to a measurement [probl e m.] function, 

[4 . Method] 4. (Amended) The method according to claim 1 [or 2, wherein 
the4. further comprising the step of: 

detecting predetermined frequencies [ar e det e cted] with a iock-in evaluation. 

5. [Methodl (Amended) The method according to claim 1 , [2 or 3, wher e in a 
fasti further comprising the step of: 

evaluating individual frequencies using a Fast Fourier [transformation 
(FFT) is provided fnr the e va l uation of the individual frequ e ncies.] Transform. 

[6. Method] 6. (Amended) The method according to claim 4 [or 5, wh e r e in a 



further comprising the step of providing an additional evaluation [occurs] 
based on [the basis of] a regression analysis or [with] a neural network. 

7. fM e thod l (Amended) The method according to [one of th e pr e c e ding 
c l aims, where i n the method is calibrated! claim 1. further comprising the step of: 

calibrating said method t o a specific layer structure [with calibration both my 
m e ans of] utilizing mathematically specific, theoretical values as well as {by} 
utilizing experimentally supported data. 

8. rM e thod K Amended) The method according to [on e of th e pr e ced i ng 
claims for] claim 1, further comprising the step of: 

determining geometrical features given known thermal [featur e s or thermal 
f e atur e s given known geometrical] features of the layer structure. 
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SPECIFICATION 



TITLE 



THERMAL WAVE MEASURING METHOD 



BACKGROUND OF THE INVENTION 

Field of the Invention 

The invention is directed to a fast, contact-free, geometrical as well as 
thermal characterization of a planar multi-layer structure. 

Description of the Related Art 

Measurements with respect to such characterizations are demanded, for 
example, in automotive multi-coat lacquering. The category of thermal wave 
measuring methods are known, for example, under the designations heat sources, 
photothermal and photoacoustic methods or lock-in thermography. 

Methods that, for example, go by the name "photothermal measuring 
methods, thermal wave measuring methods or lock-in thermography" are known in 
the Prior Art. In these methods, a material to be tested and having a superficial 
layer structure is heated periodically and in regions with a heat source. The heating 
must be capable of being modulated, so that an amplitude modulation is present. 
The modulation frequencies of the heating can thus be sequentially tuned, and the 
photothermal signal that derives from a specimen is measured as a function of the 
frequency based on amplitude and, in particular, its phase. The evaluation in terms 
of two or more unknowns (for example, layer thicknesses) can generally not be 
implemented in closed analytical form since an "inverse problem" is present here, 
i.e., the solving of the equation system for an unknown is not possible without further 
effort. 

Disadvantages of the methods belonging to the Prior Art are that the 
sequential tuning of the modulation frequency of the modulatable heat source lasts a 
long time. 



i 



Substitute Specification 



SUMMARY OF THE INVENTION 
The invention is based on the object of providing a thermal wave measuring 
method that achieves a significant speed-up of a corresponding measurement and 
evaluation. A critical goal is to use a fast thermal wave measuring method for 
monitoring layering structures in ongoing production. 

This object is achieved by a thermal wave measuring method for contact-free 
measurement of geometrical or thermal features of a layer structure, comprising the 
steps of simultaneously driving a modulatable heat source with at least two 
predetermined discrete different frequencies in an amplitude-modulated manner, 
thereby periodically heating the layer structure; receiving infrared radiation emitted 
by the layer structure that is correspondingly modulated in intensity; and evaluating 
the received infrared radiation as a function of a drive frequency on the basis of 
amplitude or phase by simultaneously interpreting corresponding drive frequencies. 

The invention is based on the notion that the heat source employed for the 
regional heating of a layer structure can be simultaneously driven with a plurality of 
different frequencies and the infrared radiation corresponding to the drive 
frequencies can be simultaneously evaluated. Thus, specific supporting points can 
be determined from a characteristic for the sequential tuning of the heat source over 
the frequency, a specific plurality of different, discrete frequencies deriving from this. 
These are simultaneously employed for the drive of the heat source, so that the 
actual tuning of the heat source over the frequency is no longer implemented, 
resulting in a significant time-savings. 

Further inventive developments are as follows. The heat source for the 
inventive method may be a laser, a laser diode, or a light-emitting diode. The 
discrete frequency parts of the drive frequencies may be adapted to a measurement 
function. The predetermined frequencies may be detected with a lock-in evaluation, 
and individual frequencies may be evaluated using a Fast Fourier Transform. An 
additional evaluation may be provided using a regression analysis or a neural 
network. The method may be calibrated to a specific layer structure utilizing 
mathematically specific, theoretical values as well as utilizing experimentally 
supported data. Geometrical features may be determined given known thermal 
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features of the layer structure, or visa versa. These developments are described in 
greater detail below. 

A light-emitting diode (LED) or a laser diode can be advantageously utilized 
as heat source since they can be electrically amplitude-modulated. Fundamentally, 
all heat sources can be utilized that offer the possibility of an electrical modulation to 
implement a multi-frequency excitation. 

When a specific layer sequence is present at the surface of a specimen, then 
a subject-related setting of the drive frequencies can be advantageously undertaken 
at the heat source. The relationship applies that an increasing penetration depth 
into the layer structure accompanies dropping modulation frequency at the heat 
source. The selection of the drive frequencies can be advantageously set in 
conformity with a known layer structure. 

The target quantities, for example individual layer thicknesses, can be numerically 
determined with the approach of a regression analysis with non-linear formulation 
functions or, respectively, with a trainable neural network. Experimental or 
theoretical/analytical supporting values can thereby be employed as calibration 
values. 

BRIEF DESCRIPTION OF THE DRAWINGS 
Further exemplary embodiments are described below on the basis of the 
following Figures. 

Figure 1 is a schematic block diagram showing a test setup for the 
implementation of a method according to the invention; 

Figure 2 is a graph showing the phase shift of reflected heat waves dependent 
on the drive frequency of a heat source; 

Figure 3 is a graph showing a reference and detector signal given a modulation 
of 10 Hz for two frequency generators (choppers); 

Figure 4 is a graph showing a reference and phase signal given a modulation of 
1 0 Hz for both choppers 1 , 2; 

Figure 5 is a graph showing a reference and detector signal given a modulation 
of 40 and 20 Hz; and 
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Figure 6 is a graph showing a reference and phase signal given a modulation of 
40 and 20 Hz. 

DESCRIPTION OF THE PREFERRED EMBODIMENTS 
The measuring time for a measurement and evaluation using a thermal wave 
measuring method is drastically shortened as a result of the simultaneous multi- 
frequency excitation and simultaneous parallel interpretation in view of the various 
frequencies or the different, reflected, corresponding infrared radiation. As a result 
of a suitable selection of the individual frequency parts, the frequency range of 
measurement in which the heat source is driven can be exactly matched to the 
measurement problem. The simultaneous intensity modulation with two or more 
discrete frequencies onto an electrically modulatable heat source enables the 
parallel interpretation in a corresponding plurality of lock-in amplifiers. Alternately, 
the signal interpretation can also ensue with an FFT or similar digital evaluation 
method such as correlation or fitting to a sine function using a digital oscilloscope. 

A hot light source such as a laser diode or an LED is usually employed as 
heat source. Either regression analysis or a neurai network can be utilized for 
evaluation following a corresponding plurality of lock-in amplifiers or a fast Fourier 
transformation. 

The critical feature of the invention is the simultaneity with which a heat 
source is driven with different frequencies. When, for example, three frequencies 
have been selected, then their sum supplies an analog signal with which the heat 
source is modulated. A corresponding evaluation is carried out simultaneously for 
each frequency at the evaluation side. 

In a test setup corresponding to Figure 1 , a standard specimen 7 that is 
composed of a TiN layer on a glass lamina is measured. A heat ray output by a 
laser 3 heats the specimen by regions. The heat ray is divided after exiting the 
laser, and each of the two rays is supplied to a mechanical chopper 1,2. When 
passing through the choppers 1 , 2, the two rays are modulated with different 
modulation frequencies f1 , f2 and are subsequently focused in common and directed 
onto the specimen 7. As a result, it is also possible with a mechanical modulation to 
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simultaneously excite the specimen with two modulation frequencies. An electronic 
processing of the various frequencies is advantageous. After the detector signal 8 
has been forwarded to two different lock-in amplifiers 10, 20, two phases 1 1 , 21 that 
can be displayed on a storage oscilloscope 13 are correspondingly obtained as 
result. The respective reference input 12, 21 of the lock-in amplifiers 10, 20 is 
occupied with the modulation frequency of the choppers 1,2. In order to adapt the 
two beam paths to one another, a phase-frequency curve is first registered, i.e., the 
frequency of both choppers 1 , 2 is simultaneously tuned. The result is shown in 
Figure 2 illustrates that the frequency shift arises at approximately -45° with higher 
frequencies of more than approximately 20 Hz. This is true both for chopper 1 and 
for chopper 2. 

Figure 3 shows the results when both choppers 1 , 2 are permanently set to 
10 Hz and the detector signal 8 is measured. A frame with three values is 
respectively shown in the illustrations of Figures 3-6 to the left next to each signal 
curve. The first two of these values denote the scaling on the axes of the storage 
oscilloscope. The first value states how many milliseconds between two markings in 
a box on the abscissa, on which the time is denoted. The second value states how 
many volts on the ordinate, on which the voltage is denoted, the distance between 
two markings or in a box amounts to. The third value represents the actual result, 
namely a specific voltage that, counted in volts or millivolts, can be converted, for 
example, for an amplitude signal or a phase signal. 

Measured values for reference, phase and detector signal given a 10 Hz 
modulation of both choppers 1 , 2 are respectively shown on Figures 3 and 4. The 
same presentations as in Figures 3 and 4 are employed in Figures 5 and 6, in which, 
however, the modulation of the first chopper 1 amounts to 40 Hz and that of the 
second chopper 2 amounts to 20 Hz. 

The basis of the illustrated measured values and results according to Figure 4 
reflects that both choppers are permanently set to 1 0 Hz, and that the detector 
signal 8 is measured. The uppermost curve at the right represents the curve of the 
pulse sequence at the chopper 1 . A complete oscillation requires the length of two 
boxes or twice 50 ms, so that a frequency of 1 0 Hz is present. The same is true of 
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the middle curve, which is present at the second chopper 2. The lowest curve 
represents the detector signal 8, which is an analog signal at first. In all three 
instances, the amplitude of the signal is respectively entered as the third value in the 
juxtaposed frame; these, however, are selectable trial parameters. 

Figure 2 shows both the reference as well as the phase given a modulation of 
1 0 Hz for both choppers 1 , 2. The pulse frequency is identical to the frequency in 
Figure 3. The phase position of the choppers 1 , 2 is nearly identical to -584 mV and 
-591 mV which, when converted, approximately corresponds to a phase shift of 60°. 
Thus, 10 mV stands for a 1° phase shift-in other words, the infrared wave or heat 
wave reflected back from the specimen 7 has a phase position that lags behind the 
phase of the laser signal by 60°. 

Figure 5 and 6 show signals corresponding to Figures 3 and 4. In this case, 
however, the first and second chopper 1 , 2 are modulated on different frequencies. 
The first chopper 1 respectively comprises a pulse frequency of 40 Hz, and the 
second chopper 2 comprises a pulse frequency of 20 Hz. The detector signal 8 is 
again a result signal superimposed of a plurality of signals that is converted via the 
signal processing applied in the method. Corresponding to the second and fourth 
signal in Figure 6, the phase position for the two drive frequencies is also 
approximately the same for the case illustrated in Figures 5 and 6. 

The measurements can thus document that it is possible to also correctly 
obtain the phase when the specimen is simultaneously modulated with two different 
frequencies instead of tuning the modulation frequency (chirp) as previously. 

The measurement with the described mechanical choppers represents only 
one embodiment in which the modulation of laser diodes or of LEDs with a plurality 
of frequencies simultaneously is planned. Over and above this, the planar 
illumination of the specimen 8 can be optimized with appropriate devices, as can the 
image registration with a camera arrangement. The basis continues to be formed by 
the principle that the measuring time is shortened by simultaneous multi-frequency 
excitation and by simultaneous parallel evaluation of the different frequencies. 

A requirement to simultaneously determine the geometrical and thermal 
parameters of a multi-layer structure may not be possible with traditional calculating 
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methods. An analytical formula for the phase dependent on the thermal and 
geometrical parameters as well as on the modulation frequency can be specified. 
When, however, this is to be solved for the quantities characterizing the multi-layer 
structure, then this is not possible analytically. This means that there is an "inverse 
problem". The interpretation can then ensue on the basis of numerical methods 
such as regression analysis or with a neural network, which represents an 
automation of the determination of the material parameters and involves a higher 
precision and a time-savings. Moreover, the possibility is opened up of theoretically 
describing arbitrary layer structures to be photothermally measured and of 
determining their thermal and geometrical properties. 

The above-described method is illustrative of the principles of the present 
invention. Numerous modifications and adaptations will be readily apparent to those 
skilled in this art without departing from the spirit and scope of the present invention. 
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ABSTRACT 



The simultaneous multi-frequency excitation with two or more discrete 
frequencies of an electrically modulatable hot light source enables a parallel 
evaluation corresponding to the different drive frequencies. As a result, the 
measuring time in the measurement of multi-layer systems is significantly shortened. 
As a result of a suitable selection of the discrete frequency parts of the drive 
frequencies, these can be adapted to the measurement problem. 
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THERMAL WAVE MEA SURING M ETH OD 

The invention is directed to a fast, contact-free, geometrical as well as 
thermal characterization of a planar multi-layer structure. Measurements with respect 
thereto are in demand, for example, in automotive multi-coat lacquering. The 
category of thermal wave measuring methods are known, for example, under the 
designations heat sources, photothermal and photoacoustic methods or lock-in 
thermography. 

Methods that, for example, pass by the name "photothermal measuring 
methods, thermal wave measuring methods or lock-in thermography" belong to the 
Prior Art. Therein, a material to be tested and having a superficial layer structure is 
heated periodically and in regions with a heat source. The heating must be capable of 
being modulated, so that an amplitude modulation is present. The modulation 
frequencies of the heating can thus be sequentially tuned, and the photothermal signal 
that derives from a specimen is measured as a function of the frequency based on 
amplitude and, in particular, its phase. The evaluation in terms of two or more 
unknowns (for example, layer thicknesses) can thereby generally not be implemented 
in closed analytical form since an "inverse problem" is present here. This is 
equivalent to saying that the solving of the equation system for an unknown is not 
possible without further ado. 

Disadvantages of the methods belonging to the Prior Art are comprised, 
for example, therein that the sequential tuning of the modulation frequency of the 
modulatable heat source lasts a long time. 

The invention is based on the object of offering a thermal wave measuring 
method with which a significant speed-up of a corresponding measurement and 
evaluation can be achieved. A critical goal is comprised in the use of a fast thermal 
wave measuring method for monitoring layering structures in ongoing production. 

This object is achieved by the feature combination of claim 1. 

The invention is based on the perception that the heat source employed for 
the regional heating of a layer structure can be simultaneously driven with a plurality 
of different frequencies and the infrared radiation corresponding to the drive 



frequencies can be simultaneously evaluated. Thus, specific supporting points can be 
determined from a characteristic for the sequential tuning of the heat source over the 
frequency, a specific plurality of different, discrete frequencies deriving therefrom. 
These are simultaneously employed for the drive of the heat source, so that the actual 
tuning of the heat source over the frequency is no longer implemented, a significant 
time-savings deriving therefrom. 

Further developments can be derived from the subclaims. 

In particular, a light-emitting diode (LED) or a laser diode can be 
advantageously utilized as heat source since they can be electrically amplitude- 
modulated. Fundamentally, all heat sources can be utilized that offer the possibility 
of an electrical modulation such that a multi-frequency excitation can be 
implemented. 

When a specific layer sequence is present at the surface of a specimen, 
then a subject-related setting of the drive frequencies can be advantageously 
undertaken at the heat source. The relationship applies that an increasing penetration 
depth into the layer structure accompanies dropping modulation frequency at the heat 
source. The selection of the drive frequencies can be advantageously set in 
conformity with a known layer structure. 

The target quantities, for example individual layer thicknesses, can be 
numerically determined with the approach of a regression analysis with non-linear 
formulation functions or, respectively, with a trainable neural network. Experimental 
or theoretical/analytical supporting values can thereby be employed as calibration 
values. 

Further advantageous developments can be derived from the subclaims. 
Further exemplary embodiments are described below on the basis of 
schematic Figures. 

Figure 1 shows a test setup for the implementation of a method according to the 
invention; 

Figure 2 shows the phase shift of reflected heat waves dependent on the drive 
frequency of a heat source; 



Figure 3 shows reference and detector signal given a modulation of 10 Hz for two 

frequency generators (choppers); 
Figure 4 shows reference and phase signal given a modulation of 10 Hz for both 

choppers 1,2; 

5 Figure 5 shows reference and detector signal given a modulation of 40 and 20 Hz; 
Figure 6 shows reference and phase signal given a modulation of 40 and 20 Hz. 

The measuring time is drastically shortened as a result of the simultaneous 
multi-frequency excitation and simultaneous parallel interpretation in view of the 
various frequencies or, respectively, the different, reflected, corresponding infrared 

1 0 radiation. As a result of a suitable selection of the individual frequency parts, the 
frequency range of measurement in which the heat source is driven can thereby be 
exactly matched to the measurement problem. The simultaneous intensity modulation 
with two or more discrete frequencies onto an electrically modulatable heat source 
enables the parallel interpretation in a corresponding plurality of lock-in amplifiers. 

15 Instead, the signal interpretation can also ensue with a FFT or similar digital 

evaluation method such as correlation or fitting to a sine function upon utilization of a 
digital oscilloscope. 

A hot light source such as, for example, a laser diode or an LED is usually 
employed as heat source. Either regression analysis or a neural network can be 

2 0 utilized for evaluation following a corresponding plurality of lock-in amplifiers or a 
fast Fourier transformation. 

The critical feature of the invention is comprised in the simultaneity with 
which a heat source is driven with different frequencies. When, for example, three 
frequencies have been selected, then their sum supplies an analog signal with which 

2 5 the heat source is modulated. Corresponding evaluation is carried out for each 

frequency at the evaluation side. This occurs simultaneously. 

In a test setup corresponding to Figure 1, a standard specimen that is 
composed of a TiN layer on a glass lamina is measured. A heat ray output by a laser 
3 thereby heats the specimen by regions. The heat ray is divided after exiting the 

3 0 laser, whereby each of the two rays is supplied to a mechanical chopper 1,2. When 

passing through the choppers 1, 2, the two rays are modulated with different 



modulation frequencies fl, £2 and are subsequently focused in common and directed 
onto the specimen 7. As a result thereof, it is also possible with mechanical 
modulation to simultaneously excite the specimen with two modulation frequencies. 
An electronic processing of the various frequencies is advantageous. After the 
detector signal 8 has been forwarded to two different lock-in amplifiers 10, 20, two 
phases 11,21 that can be displayed on a storage oscilloscope 13 are correspondingly 
obtained as result. The respective reference input 12, 21 of the lock-in amplifiers 10, 
20 is occupied with the modulation frequency of the choppers 1 or, respectively, 2. In 
order to adapt the two beam paths to one another, a phase-frequency curve is first 
registered, i.e. the frequency of both choppers 1, 2 is simultaneously tuned. The result 
is shown in Figure 2. It can be seen in Figure 2 that the frequency shift arises at 
approximately -45 ° with higher frequencies of more than approximately 20 Hz. This 
is true both for chopper 1 and for chopper 2. 

Figure 3 shows the results when both choppers 1, 2 are permanently set to 
10 Hz and the detector signal 8 is measured. A frame with three particulars is 
respectively shown in the illustrations of Figures 3-6 to the left next to each signal 
curve. The first two particulars therein denote the scaling on the axes of the storage 
oscilloscope. The first values states how many milliseconds between two markings in 
a box on the abscissa, on which the time is entered, denote [sic]. The second value 
states how many volts on the ordinate, on which the voltage is entered, the distance 
between two markings or, respectively, in a box amounts to. The third value 
represents the actual result, namely a specific voltage that, counted in volts or 
millivolts, can be converted, for example for an amplitude signal or a phase signal. 

Measured values for reference, phase and detector signal given a 10 Hz 
modulation of both choppers 1, 2 are respectively shown on Figures 3 and 4. The 
same presentations as in Figures 3 and 4 are employed in Figures 5 and 6, whereby, 
however, the modulation of the first chopper 1 amounts to 40 Hz and that of the 
second chopper 2 amounts to 20 Hz. 

The basis of the illustrated measured values and results according to 
Figure 4 contain [sic] that both choppers are permanently set to 10 Hz, and that the 
detector signal 8 is measured. The uppermost curve at the right represents the curve 



of the pulse sequence at the chopper 1 . A complete oscillation thereby requires the 
length of two boxes or, respectively, twice 50 ms, so that a frequency of 10 Hz is 
present here. The same is true of the middle curve, which is present at the second 
chopper 2. The lowest curve represents the detector signal 8, which is an analog 
5 signal at first. In all three instances, the amplitude of the signal is respectively entered 
as third value in the juxtaposed frame, whereby this [sic], however, are selectable trial 
parameters. 

Figure 2 shows both the reference as well as the phase given a modulation 
of 10 Hz for both choppers 1, 2. The pulse frequency is identical to the frequency in 

1 0 Figure 3. The phase position of the choppers 1 , 2 is nearly identical to -584 mV and 
-591 mV which, when converted, approximately corresponds to a phase shift of 60°. 
What thereby forms the basis is that 10 mV stands for 1 ° phase shift. Expressed in 
other words, the infrared wave or, respectively, heat wave reflected back from the 
specimen 7 has a phase position that lags behind the phase of the laser signal by 60°. 

1 5 Figure 5 and 6 show signals corresponding to Figures 3 and 4. This time, 

however, the first and second chopper 1, 2 are modulated on different frequencies. 
The first chopper 1 respectively comprises a pulse frequency of 40 Hz, and the second 
chopper 2 comprises a pulse frequency of 20 Hz. The detector signal 8 is again a 
result signal superimposed of a plurality of signals that is converted via the signal 

2 0 processing applied in the method. Corresponding to the second and fourth signal in 
Figure 6, the phase position for the two drive frequencies is also approximately the 
same for the case illustrated in Figures 5 and 6. 

It can thus be documented by the measurements that it is possible to also 
correctly obtain the phase when the specimen is simultaneously modulated with two 

2 5 different frequencies instead of tuning the modulation frequency (chirp) as hitherto. 

The measurement with the described mechanical choppers represents only 
one embodiment, whereby the modulation of laser diodes or, respectively, of LEDs 
with a plurality of frequencies simultaneously is planned. Over and above this, the 
planar illumination of the specimen 8 can be optimized with appropriate devices, as 

3 0 can the image registration with a camera arrangement. The basis thereby continues to 

be formed by the principle that the measuring time is shortened by simultaneous 



6 

multi-frequency excitation and by simultaneous parallel evaluation of the different 
frequencies. 

When it is required to simultaneously determine the geometrical and 
thermal parameters of a multi-layer structure, then this may not be possible with 
5 traditional calculating methods. An analytical formula for the phase dependent on the 
thermal and geometrical parameters as well as on the modulation frequency can be 
specified. When, however, this is to be solved for the quantities characterizing the 
multi-layer structure, then this is not possible analytically. This means that there is an 
"inverse problem". The interpretation can then ensue on the basis of numerical 
1 0 methods such as, for example, regression analysis or with a neural network, which 
represents and automation of the determination of the material parameters and 
involves a higher precision and a time-savings. Moreover, the possibility is opened 
up of theoretically describing arbitrary layer structures to be photothermally measured 
and of determining their thermal and geometrical properties. 



Patent Claims 

1. Thermal wave measuring method for contact-free measurement of 
geometrical and/or thermal features of a layer structure, whereby a modulatable heat 
source is driven with different frequencies and the layer structure is periodically 
heated, infrared radiation emitted by the layer structure and correspondingly 
modulated in intensity is received and is respectively evaluated as function of a drive 
frequency on the basis of amplitude and/or phase, whereby the heat source is 
simultaneously amplitude-modulated with at least two, predetermined, discrete 
frequencies, and the infrared radiation emitted by the layer structure is simultaneously 
interpreted corresponding to the drive frequencies. 

2. Method according to claim 1, wherein a laser or, respectively, a laser 
diode or a light-emitting diode (LED) is employed as heat source. 

3. Method according to one of the preceding claims, wherein the discrete 
frequency parts of the drive frequencies are adapted to a measurement problem. 

4. Method according to claim 1 or 2, wherein the predetermined 
frequencies are detected with a lock-in evaluation. 

5. Method according to claim 1, 2 or 3, wherein a fast Fourier 
transformation (FFT) is provided for the evaluation of the individual frequencies. 

6. Method according to claim 4 or 5, wherein a farther-reaching evaluation 
occurs on the basis of a regression analysis or with a neural network. 

7. Method according to one of the preceding claims, wherein the method is 
calibrated to a specific layer structure with calibration both my means of 
mathematically specific, theoretical values as well as by experimentally supported 
data. 

8. Method according to one of the preceding claims for determining 
geometrical features given known thermal features or thermal features given known 
geometrical features of the layer structure. 



Abstract 

Thermal Wave Measuring Method 

The simultaneous multi-frequency excitation with two or more discrete 
frequencies of an electrically modulatable hot light source enables the parallel 
evaluation corresponding to the different drive frequencies. As a result thereof, the 
measuring time in the measurement of multi-layer systems is significantly shortened. 
As a result of a suitable selection of the discrete frequency parts of the drive 
frequencies, these can be adapted to the measurement problem. 
Figure 1 
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Als nachstehend benannter Erfinder erklare ich hiermit 
an Eides Statt: 



dass mein Wohnsitz, meine Postanschrift, und meine 
Staatsangehongkeit den im Nachstehenden nach 
meinem Namen aufgefuhrten Angaben entsprechen, 



dass ich, nach bestem Wissen der ursprungliche, 
erste und alleinige Erfinder (falls nachstehend nur ein 
Name angegeben ist) oder ein urspriinglicher, erster 
und Miterfinder (falls nachstehend mehrere Namen 
ifgefuhrt sind) des Gegenstandes bin, fur den dieser 
Antrag gestellt wird und fur den ein Patent beantragt 
wird fur die Erfindung mit dem Titel: 



Thermowelen-Messverahren 



As a below named inventor, I hereby declare that: 



My residence, post office address and citizenship are 
as stated below next to my name, 



I believe I am the original, first and sole inventor (if 
only one name is listed below) or an original, first and 
joint inventor (if plural names are listed below) of the 
subject matter which is claimed and for which a patent 
is sought on the invention entitled 



deren Beschreibung 

(zutreffendjhaes ankreuzen) 
[HI hier beigefugt ist. 

□ am als 

PCT internationale Anmeldung 

PCT Anmeldungsnummer 

Eingereicht wurde und am 

Abgeandert wurde (falls tatsachlich abgeandert). 



the specification of which 
(check one) 

□ is attached hereto. 

□ was filed on 

PCT international application 

PCT Application No. 

and was amended on 

(if applicable) 



Ich bestatige hiermit, dass ich den Inhalt der obigen 
Patentanmeldung einschiiesslich der Anspruche 
durchgesehen und verstanden habe, die eventuell 
durch einen Zusatzantrag wie oben erwahnt abgean- 
dert wurde. 



I hereby state that I have reviewed and understand the 
contents of the above identified specification, inclu- 
ding the claims as amended by any amendment refer- 
red to above. 



Ich erkenne meine Pflicht zur Offenbarung irgendwel- 
cher Informationen, die fur die Prufung der vorliegen- 
den Anmeldung in Einklang mit Absatz 37, Bundes- 
gesetzbuch, Paragraph 1.56(a) von Wichtigkeit sind, 
an. 



I acknowledge the duty to disclose information which 
is material to the examination of this application in 
accordance with Title 37, Code of Federal Regula- 
tions, §1. 56(a). 



Ich beanspruche hiermit auslandische Prioritatsvor- 
teile gemass Abschnitt 35 der Zivilprozessordnung der 
Vereinigten Staaten, Paragraph 119 aller unten ange- 
gebenen Auslandsanmeldungen fur ein Patent oder 
eine Erfindersurkunde, und habe auch alle Auslands- 
anmeldungen fur ein Patent oder eine Erfindersurkun- 
de nachstehend gekennzeichnet, die ein Anmelde- 
datum haben, das vor dem Anmeldedatum der An- 
meldung liegt, fur die Prioritat beansprucht wird. 



I hereby claim foreign priority benefits under Title 35, 
United States Code, §119 of any foreign application(s) 
for patent or inventor's certificate listed below and 
have also identified below any foreign application for 
patent or inventor's certificate having a filing date 
before that of the application on which priority is clai- 
med: 
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Prioritat beansprucht 


Priority Claimed 


19R37 889 0 Germanv 20.. August 1 




(Number) (Country) (Day Month Year Filed) Yes No 
(Nummer) (Land) (Tag Monat Jahr eingereicht) Ja Nein 




□ □ 


(Number) (Country) (Day Month Year Filed) Yes No 
(Nummer) (Land) (Tag Monat Jahr eingereicht) Ja Nein 




□ □ 


(Number) (Country) (Day Month Year Filed) Yes No 
(Nummer) (Land) (Tag Monat Jahr eingereicht) Ja Nein 


Ich beanspruche hiermit gemass Absatz 35 der Zivil- 
prozessordnung der Vereinigten Staaten, Paragraph 
120, den Vorzug aller unten aufgefuhrten Anmel- 
dungen und falls der Gegenstand aus jedem An- 
spruch dieser Anmeldung nicht in einer fruheren ame- 
rikanischen Patentanmeldung laut dem ersten Para- 
graphen des Absatzes 35 der Zivilproze&ordnung der 
Vereinigten Staaten, Paragraph 122 offenbart ist, 
erkenne ich gemass Absatz 37, Bundesgesetzbuch, 
Paragraph 1.56(a) meine Pflicht zur Offenbarung von 
Informationen an, die zwischen dem Anmeldedatum 
der fruheren Anmeldung und dem nationalen oder 
PCT internationalen Anmeldedatum dieser Anmel- 
dung bekannt geworden sind. 


I hereby claim the benefit under Title 35. United Sta- 
tes Code. §120 of any United States application(s) 
listed below and, insofar as the subject matter of each 
of the claims of this application is not disclosed in the 
prior United States application in the manner provided 
by the first paragraph of Title 35, United States Code, 
§122, I acknowledge the duty to disclose material 
information as defined in Title 37, Code of Federal 
Regulations, §1. 56(a) which occured between the 
filing date of the prior application and the national or 
PCT international filing date of this application. 


(Application Serial Mo.) (Filing Date) 
(Anmeldeseriennummer) (Anmeldedatum) 


(Status) (Status) 
(patentiert, anhangig, (patented, pending, 
aufgegeben) abandoned) 


(Application Serial No.) (Filing Date) 
(Anmeldeseriennummer) (Anmeldedatum) 


(Status) (Status) 
(patentiert, anhangig, (patented, pending, 
aufgeben) abandoned) 


Ich erklare hiermit, dass alle von mir in der vorliegen- 
den Erklarung gemachten Angaben nach meinem 
besten Wissen und Gewissen der vollen Wahrheit 
entsprechen, und dass ich diese eidesstattliche Erkla- 
rung in Kenntnis dessen abgebe, dass wissentlich und 
vorsatzlich falsche Angaben gemass Paragraph 1001, 
Absatz 18 der Zivilprozessordnung der Vereinigten 
Staaten von Amerika mit Geldstrafe belegt und/oder 
Gefangnis bestraft werden koennen, und dass derartig 
wissentlich und vorsatzlich falsche Angaben die G0.I- 
tigkeit der vorliegenden Patentanmeldung oder eines 
darauf erteilten Patentes gefahrden kdnnen. 


I hereby declare that all statements made herein of 
my own knowledge are true and that all statements 
made on information and belief are believed to be 
true, and further that these statements were made 
with the knowledge that willful false statements and 
the like so made are punishable by fine or imprison- 
ment, or both, under Section 1001 of Title 18 of the 
United States Code and that such willful false state- 
ments may jeopardize the validity of the application or 
any patent issued thereon. 
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hereby appoint the following attorney(s) and/or 
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business in the Patent and Trademark Office connec- 
ted therewith, (list name and registration number) 



VERTRETUNGSVOLLMACHT: Als benannter Erfinder 
beauftrage ich hiermit den nachstehend benannten 
Patentanwalt (oder die nachstehend benannten Pa- 
tentanwalte) und/oder Patent-Agenten mit der Verfol- 
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dem Patent- und Warenzeichenamt: (Name und 
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And I hereby appoint 
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Voller Name des einzigen oder urspriinglichen Erfinders: 
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Unterschfift des/fiijfinders Datum 
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Inventor's signature Date 
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Residence 
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Bundesrepublik Deutschland 


Citizenship 
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Post Office Addess 


D-81925 Munchen 
Bundesrepublik Deutschland 




Voller Name des zweiten Miterfinders (falls zutreffend): 

MANfiOl D Thomas 


Full name of second joint inventor, if any: 
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